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MAGNETIC CONTRIBUTION TO THE SPECIFIC HEAT OF Pb1−xEuxTe
M. Górska, A. usakowski, A. Jedrzejzak, Z. Goªaki, and R.R. Gaªazka
Institute of Physis, Polish Aademy of Sienes, Al. Lotników 32/46, 02-668 Warsaw, Poland
J.R. Anderson and H. Bali
∗
Department of Physis, University of Maryland, College Park, MD 20742
The temperature dependene of the magneti spei heat has been studied experimentally and
theoretially in the semimagneti semiondutor Pb1−xEuxTe for x=0.027 and x=0.073, over the
temperature range from 0.5 K to 10 K, in magneti elds up to 2 T. There was a maximum in
the magneti spei heat between 1 and 3 K even in zero and low magneti elds; this maximum
shifted toward higher temperatures with inreasing magneti eld. The experimental data have
been analyzed in the framework of a model in whih we assume that the ground states of europium
ions are split even without an external magneti eld. We present arguments whih support this
assumption and we show that it is possible to nd a physial mehanism leading to the splitting
whih an explain the experimental results.
PACS numbers: 71.70.Ch,75.40.Cx
I. INTRODUCTION
Semimagneti semiondutors (SMSs), also known as
diluted magneti semiondutors (DMS), have been stud-
ied extensively during the past two deades. Reently,
there has been a onsiderable interest in these materi-
als beause of their possible appliations in spintronis.
Optial and magneti measurements have shown that,
in general, IV-VI SMSs with a 3d element as the mag-
neti ion have a muh weaker exhange interation than
that found in II-VI SMSs with the same magneti ions.
Also, the IV-VI SMSs with rare earths have a weaker
exhange interation than that found in the same mate-
rials with a 3d element as the magneti ion (for a review
see Refs. 1,2,3,4). Eletron spin resonane investiga-
tions in SnTe with Mn, Eu, and Gd have shown that the
exhange interation between free arriers and magneti
ions is roughly an order of magnitude smaller for Eu and
Gd than for Mn.
5
The mehanism of the exhange inter-
ation among magneti ions in IV-VI SMSs is still not
well understood.
Our previous investigations of the magneti proper-
ties of Pb1−xMnxTe and Pb1−xEuxTe indiated a small
(J/kB < 1 K), antiferromagneti exhange interation
among magneti ions.
6,7,8
In Pb1−xEuxTe the absolute
value of the exhange onstant was about three times
smaller than in Pb1−xMnxTe and dereased with the
inreasing Eu-ontent. In Ref. 9 ter Haar et al. have
observed magnetization steps in the high-eld magne-
tization at milikelvin temperatures in Pb1−xEuxTe and
found exhange onstant values similar to ours. By om-
parison with the results in II-VI SMSs we ame to a
onlusion, that in IV-VI SMSs the dominant exhange
mehanism is the superexhange between nearest neigh-
bors (NN). In order to develop a more omplete model
and to obtain parameters for the exhange interation,
we have made omplementary measurements of the mag-
neti spei heat of Pb1−xMnxTe and analyzed the
results together with the results of the magnetization
and magneti suseptibility measurements.
10
It turned
out that the mehanism of the exhange interation in
Pb1−xMnxTe may be more omplex than just the NN su-
perexhange. To explain the temperature and magneti
eld dependene of the spei heat of Pb1−xMnxTe it
was neessary to take into aount a splitting of the
ground-energy state of single Mn-ions in Pb1−xMnxTe
and the p − d oupling between magneti ion spins and
free arriers.
In the present paper we report studies of the mag-
neti spei heat of Pb1−xEuxTe rystals and ompare
the results with those obtained in Pb1−xMnxTe. Some
preliminary data have been reently reported.
11
This is
a rst investigation of the magneti ontribution to the
spei heat in rare-earth-doped SMSs. In the following
setions we present the experimental results and analysis
of spei heat measurements and give a physial model
for the magneti spei heat of Pb1−xEuxTe.
In theoretial analysis presented in Setion III we ar-
gue that the experimentally observed magneti spei
heat is mainly due to single europium ions split in the
disordered rystal environment. The splittings of mag-
neti ions aused by the rystal eld are small and have
been usually deteted in EPR experiments. However, for
europium in IV-VI semimagneti semiondutors these
splittings are large enough to be observed also in dif-
ferent kinds of measurements. In losely related semi-
ondutors Pb1−xEuxS and Pb1−xEuxSe magnetization
steps due to the splitting of single europium ions have
been observed.
12,13
In Pb1−xEuxTe we expet a similar
eet.
There is no onsensus in the literature onerning
the mehanism of the ground state splitting of
8S rare
earth ions in rystals. Several models were proposed and
analyzed.
14,15,16
It seems that at present it is impossible
to deide unequivoally whih mehanism should be ap-
plied to a spei ase. Instead, we suspet that in eah
ase several mehanisms should be onsidered. There-
2fore, in Setion III we onsider four dierent physial
mehanisms leading to the splitting and estimate magni-
tudes of the resulting splittings.
The important part of the theoretial analysis is the in-
orporation of deformations of the Pb1−xEuxTe rystal.
These deformations are aused by the dierene between
Eu and Pb atoms and it turns out that even relatively
small departures from otahedral symmetry may lead to
splittings of the order 1 - 10 K. Therefore, they should be
taken into aount in analysis of magneti spei heat
measurements.
The theoretial onsiderations in the present paper are
limited mainly to the ase of the x=0.027 sample. For
this sample most of the magneti ions are singles, i.e.
they have no nearest magneti neighbors. For the sam-
ple with higher onentration of Eu, x=0.073, although
the theory may be applied formally, its quantitative pre-
ditions are not very reliable, beause for suh a high
onentration a signiant number of the Eu atoms is in
larger, many atom lusters and the theoretial analysis
of suh a system is muh more diult.
II. EXPERIMENT
We have measured the spei heat of Pb1−xEuxTe
with x values of 0.027 and 0.073. The samples of
Pb1−xEuxTe were grown by the Bridgman tehnique and
the Eu onentration was estimated from the amounts of
the omponents introdued into the growth hamber and
measured by energy dispersive x-ray analysis (EDAX).
The nominal x-values were 0.03 and 0.06 with uner-
tainty of about 20%. The rystals were ut in the shape of
Hall bars with typial dimensions 1.5 × 2 × 6 mm3. The
samples were p type with arrier onentrations, from
Hall measurements, of about 1 × 1018 m−3. With in-
reasing x the hole onentration dereased and the mo-
bility inreased.
Previously we have measured high-temperature mag-
neti suseptibility and low-temperature, high-eld mag-
netization of Pb1−xEuxTe with x up to 0.1.
7,8
By t-
ting the suseptibility data to the Curie-Weiss law we
obtained the average Eu ontent in our samples (xav) and
very small Curie-Weiss temperatures indiating an anti-
ferromagneti exhange between Eu ions, J/kB = -0.38 K
and -0.27 K for xav = 0.027 and 0.073, respetively.
The measurements of the heat apaity were performed
in a ryostat using
3
He and
4
He systems over the temper-
ature range 0.5 - 15 K in magneti elds 0, 0.5, 1, and 2
T. We used the standard adiabati heat-pulse method.
17
Errors in the heat apaity values were about 5%. The
experimental details have been desribed elsewhere.
10
In order to obtain the magneti ontribution to the
spei heat, CH , it was neessary to subtrat the spe-
i heat of the Pb1−xEuxTe lattie from the measured
total spei heat of Pb1−xEuxTe. This was not a sim-
ple task. Bevolo et al. found that the spei heat of
PbTe has an anomaly below 5 K and ould not be t-
ted with the standard expression C = γT + αT 3, where
γT and αT 3 are the eletroni and lattie ontributions,
respetively.
18
In fat, they ould not obtain a satisfa-
tory t to their data with an expression of the form,
C = γT + αT 3 +
∑n
i=1 δiT
2i+3
unless n was at least 10.
Therefore, we measured the heat apaity of our own
Bridgman-grown PbTe sample in zero magneti eld and
2 T, over the temperature range from 0.5 to 15 K and
found that the temperature dependene was the same for
0 and 2 T within our experimental error (as expeted).
In Ref. 10 we desribed this experiment and have shown
the spei heat of PbTe vs temperature in zero magneti
eld. In our preliminary paper we have shown the result
of simple subtration of the PbTe spei heat from the
Pb1−xEuxTe spei heat.
11
In the present paper we take
into aount the eet that the replaement of Pb with
an atomi mass of 207.2 by Eu with an atomi mass of
151.97 leads to a derease in heat apaity, even for small
values of x. To aount for this we divided the entire set
of PbTe spei heat data by empirially determined fa-
tors, 1.11 for x=0.073 and 1.04 for x=0.027, before sub-
trating from the Pb1−xEuxTe. These fators were de-
termined by assuming that at temperatures above 15 K,
in the absene of an applied magneti eld, the magneti
ontribution to the spei heat of Pb1−xEuxTe is negli-
gible. Therefore, this division by 1.11 (1.04) gave results
for PbTe that were the same as those for Pb1−xEuxTe
at 15 K for x = 0.073 (0.027). Sine this is an empirial
orretion, we emphasize in the present work the data at
temperatures below 5 K where the lattie spei heat is
muh smaller than the total spei heat. In the inter-
esting region, below 2 K, the spei heat of PbTe was
more than 3 orders of magnitude smaller than that of
Pb1−xEuxTe.
The magneti spei heat data for Pb1−xEuxTe are
shown in Figs. 1 and 2. We believe that the satter in the
data represents the experimental error. For both x-values
there is a broad maximum in the magneti spei heat at
about 2 K in zero magneti eld. The maximum is several
times higher than that predited by the luster model
of superexhange interation between nearest neighbors.
At higher magneti elds the value of spei heat at the
maximum inreases and above 0.5 T it shifts to higher
temperatures; for x = 0.073 the shift is smaller than for
x = 0.027. This behavior is dierent from that observed
in Pb1−xMnxTe
10
or Sn1−xMnxTe,
19
where the value of
the magneti spei heat at zero magneti eld and all
higher elds was nearly the same, but the shift of the
maximum with inreasing magneti eld was bigger than
in Pb1−xEuxTe.
III. THEORETICAL ANALYSIS
Before we start the analysis of magneti spei heat
(MSH) let us reall the model of the Europium atom
in Pb1−xEuxTe whih desribes quite well magnetization
and magneti suseptibility experimental data.
8
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FIG. 1: Magneti spei heat of Pb1−xEuxTe with x = 0.073
in various magneti elds.
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FIG. 2: Magneti spei heat of Pb1−xEuxTe with x = 0.027
in various magneti elds. Points - experimental data, lines
- theoretial preditions of the nearest neighbours interation
model for B=0 (ontinuous line) and B=0.5 T (broken line).
The eletron onguration of a free Eu atom is
4f75s25p66s2. It is believed that when it replaes a Pb
atom in PbTe the eletrons from the outermost shell, 6s2,
play the role of 6p2 eletrons of Pb and ontribute to rys-
tal bindings. Due to the strong relativisti downward
shift, the energy position of 6s2 Pb eletrons is deeply
in the valene band.
20
As a result we obtain Eu
2+
ion,
eletrially inative with respet to the rystal, despite
the fat that it replaes Pb atom from IV group. Suh
a piture is onrmed by the fat that the presene of
even 10% of Eu atoms has almost no eet on arrier
onentration.
2
Aording to Hund's rule the ground state of Eu ion is
8S, it means that seven 4f eletrons form the spin S=7/2
and the total angular momentum L=0. Thus, the ground
state of the ion is eightfold degenerate. This degeneray
is removed by external magneti eld, B or by intera-
tion with another magneti ion. With suh assumptions
the Hamiltonian for the spin subsystem reads
H = gµB
∑
i
B · Si −
∑
ij
JijSi · Sj , (1)
where the g-fator g = 2, µB is the Bohr magneton, and
Jij is the exhange integral between the i-th and j-th
spins. If the ontent of Eu is small, of the order of 1-
3%, we may safely assume that most of the ions have
no nearest magneti neighbors and only small perent-
age of them form two or three-atom lusters alled, in
the literature, pairs, open triangles, and losed triangles.
Assuming the statistial distribution of Eu atoms in the
PbTe lattie, one knows the average number of singles
and the average number of atoms in pairs, open trian-
gles, and losed triangles.
21
Then every thermodynami
quantity, in partiular the magneti spei heat, may be
alulated.
Although suh a luster model is suessful in desrip-
tion of magnetization in Pb1−xEuxTe
8
it fails in the ase
of MSH. In Fig. 2 we see that the alulated MSH is
muh smaller than the one observed experimentally. The
alulated MSH in Fig. 2, for B=0 is due to pairs and
triples only, beause the ontribution from singles, whih
are for B = 0 eight fold degenerate, is zero. The spe-
i heat due to larger lusters has, for a sample with
x=0.027, a very small ontribution of about 2.5 %. We
also think that theories like extended nearest neighbor
pair approximation (ENNPA)
22
based on the long range
mehanism of spin - spin interation, are not appliable
to Pb1−xEuxTe beause even the nearest neighbor Eu-Eu
exhange integral in Pb1−xEuxTe is small, J/kB ≈-0.25
K
8,9
, and more distant interations, whih quikly deay
with the distane, annot explain the broad maximum for
MSH for B=0. Let us also note, that for nonzero mag-
neti eld the theoretial urve above 1 K lies well below
the experimental points. This piture gives evidene for
a non-negligible density of energy states in the energy re-
gion far above 2 K, whih must be taken into aount to
desribe the experiment properly. This density of states
of the system does not result from the model desribed
by the Hamiltonian Eq. (1).
The situation is somewhat similar to the ase of
Pb1−xMnxTe, where the peak in zero magneti eld
MSH is also unexpetedly high.
10
There is, however, at
least one important dierene between Pb1−xEuxTe and
Pb1−xMnxTe. Aording to statistial mehanis, for
any physial model desribing MSH of a spin system,
in partiular for a model desribed by Eq. (1), we have
following entropy relation:
∫ ∞
0
dT
CH(T )
T
= xR ln(2S + 1)− kB ln(gH), (2)
where R is the molar gas onstant, S is the magneti ion
spin (for Eu
2+ S = 7/2), CH(T ) is the molar magneti
spei heat at temperature T and in an external mag-
neti eld, and gH is the degeneray of the ground state
of the system. The degeneray depends on the magneti
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FIG. 3: Magneti spei heat in Pb1−xMnxTe with x=0.056
in two magneti elds (Ref. 10).
eld. In an external magneti eld B 6= 0, gH=1 and
the seond term on the right hand side disappears; thus
alulating the dierene between the left hand side of
Eq. (2) for magneti elds B 6= 0 and B = 0 we obtain
information about the degeneray of the ground state
in zero external magneti eld. Estimations, based on
experimental results presented in Ref. 10, suggest that
in the ase of Pb1−xMnxTe this dierene is nearly zero
(see Fig. 3). Thus, in the ase of Pb1−xMnxTe, any model
leading to gH=0 6= 1 must be rejeted. This is not the
ase of Pb1−xEuxTe. In Fig. 2 we see that the dierene
between MSH measured in B = 0 and in B = 0.5 T is
muh bigger in Pb1−xEuxTe than in Pb1−xMnxTe. As-
suming, like in Ref. 10, the linear temperature depen-
dene of MSH below 0.5 K we nd that the value of
the integral for B = 0.5 T is equal to 0.41 J/mole K.
For x=0.027 the right hand side of Eq. (2) returns the
value 0.47 J/mole K. The agreement is quite good. For
B = 0, with the same assumption onerning the be-
havior of MSH at the lowest temperatures, the value of
the integral is 0.2 J/mole K. Beause the rst term on
the right hand side, xR ln(2S + 1), does not hange, it
means that the seond one, kB ln(gH), for B = 0 must
be positive. Thus, the experimental data suggest that
in the ase of Pb1−xEuxTe in magneti eld B=0 we
have non-negligible degeneray of the ground state of
the spin system. This is the important dierene be-
tween Pb1−xMnxTe and Pb1−xEuxTe. In Pb1−xMnxTe
even in B=0 the ground state is non-degenerate. The
lak of degeneray in Pb1−xMnxTe has been disussed
in Ref. 10.
At this point some larifying remarks are neessary.
First, we do not laim that Pb1−xEuxTe is a system on-
traditing the third law of thermodynamis. In reality, if
we take into aount all interations and system degrees
of freedom, the ground state is non-degenerate. How-
ever, in our desription we limit onsiderations to the
spin subsystem and Eq. (2) is derived and may be ap-
plied only to suh a subsystem. Seondly, we have no
data at temperatures below 0.5 K, a region whih may
signiantly ontribute to the value of the integral. That
is why the estimations of the left hand side of Eq. 2 are
only semiquantitative and annot serve as a rigorous jus-
tiation of the approah introdued below. However, we
think that they provide important insight into the prob-
lem and to some degree onrm the onsiderations given
below.
In the present paper we propose that the experimen-
tally observed MSH in zero magneti eld is due to the
splitting of the energy levels of the single Eu ions. From
the disussion of dierent aspets of splitting that are
presented later, it turns out that this splitting is aused
primarily by two mehanisms: the disordered rystal eld
potential, whih leads to virtual 4f7 → 4f65d1 transi-
tions, and the internal spin - orbit oupling on 4f shell
in the exited, 4f65d1, state.
Aording to the Kramers theorem, the ground state of
a single ion (of a system onsisting of seven, i.e. an odd
number of eletrons on 4f shell) is at least two-fold degen-
erate in the absene of an external magneti eld. Thus,
the ground state of the spin subsystem, a signiant part
of whih onsists of suh split noninterating ions, is also
degenerate. Suh an approah is in aordane with the
experimentally observed dierene between the integrals,
Eq. (2), for zero and nonzero magneti elds. On the
other hand, the split singles ontribute to the magneti
spei heat; therefore we expet our model desribing
the experiment to be better than the alulated urves
in Fig. 2. In the following analysis an important role is
played by 5d levels of europium. Let us disuss now the
origin and the meaning of these states involved in the
exited onguration 4f65d1 of an ion.
In the investigations of Pb1−xEuxTe by Krenn et al.
23
the optial dipole transitions from the 4f level of Eu
to the viinity of the bottom of ondution band were
studied. The photon energy of these transitions for Eu
onentrations orresponding to ours was found to be less
than 1 eV. Notie that this kind of transition may take
plae only between states of dierent parity. Beause the
f funtions have odd parity, the states near the bottom
of the ondution band must ontain states of even
parity. In pure PbTe the wave funtions of the bottom of
the ondution band, of L−6 symmetry, are of odd parity.
Thus, to explain the existene of the optial transition
we must assume that in Pb1−xEuxTe the wave funtions
in the viinity of the bottom of ondution band have
ertain omponents of even parity. The question arises
about the origin of these omponents. The most natural
andidates are 5d levels of Eu. Sine it is known that
in EuTe the ondution band is built mainly from 5d
and 6s states of europium,24 one may expet that the
addition of a few perent of Eu to PbTe will result in a
ontribution of 5d states to the ondution band states.
Of ourse, the presene of even parity states may be
also related to the disorder introdued by addition of
Eu atoms to PbTe beause, stritly speaking, the group
5theory onsiderations apply only to the perfet rystals
and for Pb1−xEuxTe ontaining several perent of Eu
their onlusions annot be taken too rigorously. In the
approah presented below we model these states by a
single, loalized level of d symmetry, whih we refer to
as the 5d level of Eu.
A. Crystal eld potential in disordered rystal
In our approah, the virtual 4f7 → 4f65d1 transitions
are aused by the eletrostati rystal-eld potential. In
the present subsetion we estimate the order of magni-
tude for this quantity in a disordered Pb1−xEuxTe rys-
tal.
In the rystal eld theory a single 4f or 5d eletron
moves in a potential that may be expanded into the fol-
lowing innite series:
Vcr(r) =
∞∑
l=0
l∑
m=−l
Alm
(
r
r0
)l
Clm(θ, ϕ), (3)
where r0 ≈0.5 Å is the atomi length unit,
and the funtions Clm(θ, ϕ) are related to spheri-
al harmonis Ylm(θ, ϕ) by the relation Clm(θ, ϕ) =(
4pi
2l+1
)1/2
Ylm(θ, ϕ). In our approah we use the sim-
plest model of rystal eld potential, it means we assume
that the rystal eld potential is due to six point harges,
eah of whih has harge Ze, plaed at riθiϕi, i = 1, ..., 6
with respet to the europium ion. Then the oeients
Alm read
25
Alm = Ze
2
6∑
i=1
rl0
rl+1i
C∗lm(θi, ϕi), (4)
where C∗lm means omplex onjugate to Clm. In our al-
ulations we assume that Z = 2.
Due to the dierene between Eu and Pb atoms, also
the Eu-Te and Pb-Te distanes in Pb1−xEuxTe are dif-
ferent. This dierene auses loal lattie deformations.
These deformations are not limited to the nearest neigh-
borhood, but extend over larger distanes (several lat-
tie onstants). If the onentration of Eu atoms is very
small, the average distane between Eu atoms is large.
Then, although the rystal lattie is loally deformed,
the symmetry of the Eu surrounding is still preserved.
However, with the inreasing europium ontent, the de-
formations originating from the dierent atoms start to
overlap. Due to a random plaement of Eu atoms in
the lattie, we expet a random deviation of Eu-Te bond
orientations from those in the perfet rystal. It turns
out that these deviations ause signiant ground state
splittings of Eu
2+
ions.
Let us onsider a Pb1−xEuxTe rystal with Eu ontent
of several perent. To estimate the order of magnitude
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es in units of lattie onstant
of PbTe a0 = 6.46 Å.
of the bonds' deetions we performed a numerial sim-
ulation. First, we modeled a perfet lattie of rystalline
PbTe ontaining 503 unit ells of PbTe. Next, a ertain
perentage of randomly hosen Pb atoms were replaed
by Eu atoms. The ations were onneted to anions by
springs with equilibrium distanes dEu−Te = 3.3 Å and
dPb−Te = 3.23 Å. Due to the lak of experimental data,
the bond length dEu−Te in Pb1−xEuxTe was taken as half
of EuTe lattie onstant. After applying zero tempera-
ture Monte Carlo proedure, the equilibrium ongura-
tion of the lattie and the deviations of Eu-Te bonds from
the perfet rystallographi diretions for every Eu atom
have been found. The typial bond deviation is of the
order of several degrees. In Fig. 4(a) we plot the prob-
ability distribution for these deviations for two dierent
europium ontents. As it may be expeted, the average
deviation inreases with the Eu ontent x. In Fig. 4(b)
we plot the distribution for Eu-Te distanes. As we see
this distribution is very well loalized around the average
distane. The relative hanges of the bond lengths are of
the order of 0.1%.
The above, purely mehanial, model of disorder serves
only to estimate the order of magnitude of deviation due
to the dierene between Eu-Te and Pb-Te bond lengths.
It neglets, for example, the dierene in strength of the
bonds or the angular fores. In addition IV-VI om-
pounds are very often disordered due to the presene of
ation vaanies or granular struture of the material.
Due to these reasons we expet bond deviations to be
larger than estimated from Fig. 4.
In the desription of our experimental data the degree
of disorder will serve as one of the tting parameters.
We desribe now the model of disorder whih we apply
to this tting proedure.
Using a Gaussian random number generator, we gen-
erate random deviations of bond diretions for eah of
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FIG. 5: Comparison of probability distributions for bond
deviations (a) and rystal eld potential (b). The ontinuous
lines are the results of Monte Carlo simulations for a sample
ontaining x=0.027 of Eu and the broken lines are alulated
using model of disorder desribed in the text for φ0=2.5
◦
.
the Eu atoms. More preisely, for a given Eu-Te bond,
for example the one along (100) diretion in the perfet
rystal, we generate two random angles β and γ, both
with zero mean and the standard deviation equal to φ0.
It means that the onsidered bond will be haraterized
in spherial oordinate system by angles θ = π/2 + β
and φ = γ. With slight modiations, a similar proe-
dure is applied to the remaining ve bonds of the given
Eu atom. In our model of disorder we neglet hanges
of Eu-Te distanes, beause the simulations suggest that
these hanges are very small. For the onguration of Te
atoms obtained in this way we alulate the rystal eld
potential, Eqs. (3, 4).
In Fig. 5 we ompare the results of Monte Carlo proe-
dure for a sample x=0.027 with those resulting from the
model of disorder introdued above for φ0 = 2.5
◦
. We see
that for suh value of φ0 the dierenes between proba-
bility distributions for one of the rystal eld oeients,
A10, are not drasti.
From the above analysis we see that the presene of dif-
ferent ations leads to a deformation of the Pb1−xEuxTe
lattie. In partiular, deformations of nearest neighbour-
hoods of Eu ions ause splittings of Eu ions ground states.
In the next subsetion we disuss physial mehanisms
leading to the splittings.
B. Mehanisms of ground state splitting of Eu
2+
ion
In this subsetion we estimate the magnitudes of
the ground state splitting due to dierent physial
mehanisms.
26
1. Diret inuene of the rystal eld on 4f eletrons.
Due to the strong spin orbit oupling for 4f eletrons,
the Eu
2+
ion is not in a pure
8S state, but the higher
energy states of the 4f7 onguration are admixed14 as
shown:
|S〉 = a|8S7/2〉+ b|6P7/2〉+ c|6D7/2〉. (5)
Thus we see that the total angular momentum L 6= 0
and the ion may interat with the rystal eld. The val-
ues of the oeients a, b, c for europium may be read
from Table 5.1 of Ref. 27: a=0.986, b=0.167, and c=-
0.011. For suh a state, using tables of spetrosopi
oeients,
28
it is possible to derive matrix elements for
〈SM |Vcr|SM ′〉.29 For example, a term in Eq. (3) pro-
portional to A20 yields the following term, H
20
MM ′ in the
eetive spin Hamiltonian for 4f7 shell14,29
H20MM ′ = δMM ′
2
√
5
105
(
M2 − 21
4
)
bcA20〈(r/r0)2〉, (6)
where M is the projetion of the total spin on a quan-
tization axis, M = −7/2, ...7/2, and the average of
the seond power of radius for 4f shell wave funtion
for europium, in atomi units, is 〈(r/r0)2〉=0.938 (see
Ref. 30). Let us dene ∆ as the energy dierene be-
tween the highest and the lowest energy levels of the
split ion. Then for the Hamiltonian Eq. (6), ∆ =
(24
√
(5)/105)bc〈(r/r0)2〉A20. From simulations we know
that the average value of A20 is of the order of 0.01 eV.
Thus ∆ is of the order of 10−2 meV whih orresponds to
0.1 K. Other terms in the expansion, Eq. (3) give split-
tings of the same order of magnitude or smaller. In order
to explain the magneti spei heat we need ∆/kB to
be of the order of 1 - 10 K. Thus the mehanism based
on the diret inuene of the rystal eld potential on 4f
eletrons annot explain the splitting responsible for the
experimentally observed magneti spei heat.
2. 4f7 ↔ band states hybridization
In 1978 Barnes et al.
15
notied that the hybridization
between the 4f shell and the band states leads to a split-
ting of the ground state of rare earth ions. The main
idea of the model is to onsider the exited states of the
system in whih the number of eletrons on an ion's 4f
shell hanges by ±1. Aording to the Hund's rule, in
the exited states, 4f8 and 4f6, the total angular mo-
mentum of 4f eletrons is nonzero. Taking into aount
internal spin - orbit oupling, the authors of Ref. 15 ob-
tained an eetive spin - lattie interation leading to the
ground state splitting. Let us onentrate in this Setion
on proesses whih lead to 4f7 ↔ 4f6 transitions. These
proesses may be important for Pb1−xEuxTe beause, a-
ording to the optial measurements performed by Krenn
et al.
23
, the energy ǫ1 neessary to transfer an eletron
from the 4f shell to the ondution band is of the order
7of 0.5 eV, whih is rather small. The model has been
desribed in Ref. 15 and has also been re-derived for the
otahedral symmetry of the ion's neighborhood as dis-
ussed in Ref. 16. For ompleteness we desribe it very
briey emphasizing the dierenes neessary to aount
for disorder in the rystal.
The ground state of the system is a Eu ion in 4f7, 8S
onguration plus the Fermi sea of eletrons. This eight-
fold degenerate state of the system is haraterized by
−7/2 ≤M ≤ 7/2, where M is the projetion of 4f7 spin
7/2 on a quantization axis whih we take along the (001)
rystallographi diretion. In the exited states we have
the ion in the 4f6 onguration plus one additional ele-
tron above the Fermi level, whih is haraterized by the
set of quantum numbers q. This set of quantum numbers
ontains the wave vetor from the rst Brillouin zone, the
number of the band, and the additional quantum number
neessary to fully haraterize the band state. This addi-
tional quantum number enumerates Kramers onjugated
states. (For semiondutors, for whih the band spin-
orbit oupling may be negleted, i.e. spin of band arrier
is a good quantum number, one may think of this addi-
tional quantum number as the projetion of eletron spin
on a quantization axis. This is not, however, the ase for
Pb1−xEuxTe where the band spin-orbit oupling annot
be negleted.) If we assume the validity of Hund's rule
for the 4f6 onguration, L=3 and S=3, the Hamiltonian
for the ion in the exited state reads:
H4f6 = λ4fL · S. (7)
The hybridization elements are:
〈LzSzq|H | M〉 = (8)
(−1)Lz+1∑σ=± 1
2
√
7/2+2σM
7
δSz,M−σ〈q|h|φ−Lzσ〉.
The state |LzSzq〉 is the exited state of the system in
whih the projetion on the quantization axis of the total
angular momentum and spin of the ion are Lz and Sz,
respetively, and there is one additional eletron har-
aterized by q above the Fermi energy. The oeient
(−1)Lz+1
√
7/2+2σM
7
may be derived using expliit forms
of antisymmetri many eletron funtions for ion's states
|LzSz〉 and | M〉. The element 〈q|h|φ−Lzσ〉 desribes hy-
bridization between band state q and the 4f spin orbital
φ−Lzσ. The band wave funtions are alulated within
the tight binding model
31
and the hybridization elements
between 4f shell and Te 6p and 6s orbitals are desribed
by three onstants Vpfσ, Vpfpi and Vsfσ. Aording to
Refs. 32 and 33
Vpfσ = ηpfσ
h¯2
m0
(
rpr
5
f
)1/2
d5
, (9)
Vpfpi = ηpfpi
h¯2
m0
(
rpr
5
f
)1/2
d5
, (10)
where ηpfσ = 10
√
21/π, ηpfpi = −15
√
7/2/π, rp=15.9 Å,
rf=0.413 Å and d is Eu-Te distane. We assume that
Vsfσ = Vpfσ but the results of the alulations do not
depend ruially on this assumption. The dependene of
interatomi matrix elements on the diretion of the Eu-Te
bond with respet to the rystallographi axes of the ideal
rystal is alulated aording the method proposed in
Ref. 34. The other details of alulations of the eetive
spin Hamiltonian are presented in Ref. 16.
Due to the strong loalization of the 4f shell, the inter-
atomi matrix elements responsible for the 4f shell band
states hybridization are very small, of the order of 0.1 eV.
This is the main reason that there is a small splitting ∆
despite the smallness of the transfer energy ǫ1 whih is
approximately 0.5 eV. The average splitting ∆/kB is of
the order of 0.1 K. This is again muh too small a value
to explain the magneti spei heat.
3. 5d ↔ band states hybridization
Unlike the 4f orbitals of the Eu ion, the 5d orbitals
are muh more extended in spae. Thus we expet the
overlapping with neighboring Te orbitals to be muh big-
ger. Reently one of the authors (A. .) has proposed
a new mehanism leading to the ground state splitting
of rare earth ions in whih the 5d shell of a rare earth
ion provides a bridge between the 4f eletrons and the
rest of the rystal.
16
More preisely, an eletron from the
valene band jumps virtually onto the 5d level of the rare
earth ion and interats via a Heisenberg type of exhange
with the spin of the 4f shell. The Hamiltonian for eu-
ropium in this exited state, 4f75d1 is of the following
form
H4f75d1 = −JfdS · s+ λ5dL · s, (11)
where the rst term desribes the exhange interation
between 4f spin S and the spin s of the 5d eletron. The
seond term desribes the spin orbit interation on the
5d shell. In the more general treatment of the problem in
Ref. 16 we used two spin orbit onstants. Here we use a
single spin orbit onstant, λ5d, and neglet the inuene
of the rystal eld on 5d eletron. For the disordered
neighborhoods of europium atom whih we onsider in
the present paper these simpliations do not hange sig-
niantly the nal results. Like the previous subsetion
the inuene of the surrounding omes via the hybridiza-
tion between the 5d and the band states. This hybridiza-
tion is desribed by three interatomi Eu-Te matrix el-
ements Vpdσ, Vpdpi, and Vsdσ for whih we assume fol-
lowing Eu-Te distane dependene
8 Vpdσ = V
0
pdσ(a0/d)
4
,
Vpdpi = V
0
pdpi(a0/2d)
4
, and Vsdσ = V
0
pdσ(a0/d)
7/2
. Here
a0=6.46Å is the lattie onstant of PbTe and d is the a-
tual Eu-Te distane along the given bond. The assumed
values of three onstants V 0pdσ=-1.5 eV, V
0
pdpi=0.7 eV
and V 0pdσ=-1.6 eV are lose to the ones used in Ref. 35
in alulations of EuTe band struture.
36
The values
Jfd=0.2 eV and λ5d=0.08 eV have been taken from Ta-
ble III of Ref. 37. The important parameter of the theory
8is ǫ2, the energy neessary to transfer an eletron from
the top of the valene band to the 5d level. Contrary to
the ase of gadolinium in PbTe where ǫ2 is of the order
of 0.4 eV, for europium we only know that it should be
larger
16
. In our alulations we have assumed ǫ2=1 eV.
For the above values of parameters the average split-
ting ∆/kB is larger than for the two previous meha-
nisms, of the order of 0.5 - 1 K. It remains too small,
however, to explain the magneti spei heat.
4. 4f7 ↔ 4f65d1 transitions
The last mehanism of the splitting, whih we on-
sider, is based on 4f7 ↔ 4f65d1 virtual transitions. As
it has been already disussed earlier we treat 5d states
not as the pure atomi states but hybridized with the
band states. In some sense this mehanism is omple-
mentary to the one onsidered in subsetion 2 beause in
alulations in subsetion 2 the Pb1−xEuxTe band states
have not ontained 5d orbitals. In other words, we may
say that we add a ertain amount of 5d to the 4f states.
The Hamiltonian of the model is onstruted as fol-
lows. In the ground state of the ion there are seven
eletrons on the 4f shell. The total angular momen-
tum is zero, the total spin equals 7/2 and this state is
eight fold degenerate. As in previous setions |M〉 de-
notes a state of the ion where the projetion of the total
spin on a quantization axis in 4f7 onguration is M
(M = −7/2, ...7/2).
The exited state onguration is 4f65d1. It is desribed
by following Hamiltonian:
H4f65d1 = H4f6 + λ5dl · s− JfdS · s+ Vcr + ǫ0, (12)
where
H4f6 = λ4fL · S+ λ14f (L · S)2 (13)
is a Hamiltonian for six eletrons on 4f shell desribing
splitting of
7F state due to 4f spin orbit interation. We
assume that in the exited onguration, six eletrons
on 4f shell behave aording to the Hund's rule, i.e.
their total spin S=3 and the total angular momentum
L = 3. The values of the spin orbit oupling onstants
λ4f=0.03 eV and λ
1
4f=0.0005 eV have been tted to de-
sribe properly a splitting of the 4f6 onguration al-
ulated from rst priniples (see Table VIII in Ref. 38).
The seond term in Eq. (12) desribes spin orbit ou-
plings on the 5d shell. The next two terms orrespond
to exhange interations between the 4f and 5d spins
and the rystal eld potential ating on eletron on the
5d shell. The last term, ǫ0, is the energy neessary to
perform the 4f7 → 4f65d1 transition. We neglet the
inuene of the rystal eld potential on the 4f eletrons
sine we have heked that its inuene on the nal result
is very small.
The rystal eld potential, Eq. (3), enters the Hamil-
tonian of the model in two plaes: in the term desribing
the exited states, Eq. (12), and in the terms desribing
4f7 ↔ 4f65d1 transitions. The basis in whih we de-
sribe exited states of the ion is denoted by |SzLzlzσ〉,
where Sz and Lz orrespond to projetions on a quantiza-
tion axis of total spin and total angular momentum of six
eletrons on 4f shell, respetively, while lz and σ are z-th
omponents of angular momentum and spin of the sev-
enth, the 5d eletron. Using properly antisymmetrized
wave funtions or the onept of frational parentage
oeients
28,39
, we have derived the following form for
the hybridization elements:
〈SzLzlzσ|
∑7
i=1 Vcr(ri)|M〉 = (14)
(−1)Lz
√
7/2+2σM
7
δSz,M−σ〈φ5dlz |Vcr(r)|φ
4f
−Lz
〉 ,
where φ5dlz and φ
4f
Lz
are 5d and 4f orbitals, respetively.
The external magneti eld B is taken into aount by
adding to the Hamiltonian Zeeman term:
HB = gµBB (Sz + σz) + µBB (Lz + lz) , (15)
where g-fator g=2 and µB is the Bohr magneton. Calu-
lating the matrix elements of the Hamiltonian in the basis
|M〉, |SzLzlzσ〉 we obtain a 498×498 matrix. The eigen-
values of this matrix enable us to alulate the magneti
spei heat aording to the standard rules of statisti-
al mehanis. The rst eight eigenvalues of the Hamil-
tonian matrix orrespond to the split levels of the Eu
2+
ion. The higher levels desribe the 4f65d1 onguration
and they are separated from the lowest eight ones by an
energy of the order of ǫ0. That is why the splitting ∆
is dened here as the dierene between eighth and the
lowest eigenvalue. The value of the matrix element of r
between radial 4f and 5d wave funtions, neessary to
alulate hybridization elements, may be estimated from
the Table VI of Ref. 40. In alulations we assume that
〈4f |r/r0|5d〉=1. The ontribution from terms in Eq. (3)
with l > 1 may be omitted sine the oeients Alm
deay quikly with l and most important ontribution
omes from terms with l=1. The other parameters of
the model are the same as those in the previous setions,
Jfd=0.2 eV, λ5d=0.08 eV, and ǫ0=1 eV. For suh values
of parameters of the model we obtain ∆/kB of the order
of 1-5 K.
From the analysis of dierent mehanisms of the split-
ting we onlude that the last one, i.e. the one based
on 4f7 ↔ 4f65d1 transitions leads to the largest ground
state splitting. This mehanism, with the above values of
parameters will be used to explain the magneti spei
heat for a sample ontaining x=0.027 of europium.
C. Magneti spei heat
The magneti spei heat is alulated aording to
standard rules of statistial mehanis. We take into
aount singles, pairs and triples. We assume that the
Hamiltonian for pairs and triples is of the form given in
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FIG. 6: Magneti spei heat for sample x=0.027. Points
- experimental results. Continuous lines - theoretial alula-
tions for the mehanism desribed in Setion III.B.4.
Eq. (1) with Eu-Eu exhange integral J/kB=-0.25 K.
8,9
For these lusters we neglet the splitting aused by the
rystal eld. We do not expet that the approximation
would introdue a large error, beause a total splitting of
the pairs' energy levels in zero magneti eld is 28 · 2J ,
in our ase 28·2·0.25≈14 K; this is the same order of
magnitude as the splitting of singles aused by the dis-
ordered rystal eld. The magneti spei heat due to
singles is alulated in the following way: First we gen-
erate 100 random Eu environments as was desribed in
Setion III A. For eah set of tellurium positions we al-
ulate the energy levels of the split ion and we alulate
the orresponding magneti spei heat. As the mag-
neti spei heat due to singles we take the average over
these 100 samples. We found that 100 samples are suf-
ient; for more samples we obtained nearly the same
result. The parameter φ0 is treated as the tting param-
eter. The best results have been obtained for φ0=3
◦
and
they are shown in Fig. 6.
D. Disussion
In the theoretial analysis of MSH we have onen-
trated on the sample ontaining x=0.027 of Eu atoms.
In this sample, if one assumes a random distribution of
ions, more than 97% of them are in single, pair, and
triple lusters and about 72% are singles. As we see from
Fig. 6 the theoretial urves desribe the experimental
data quite well. The dierenes are probably due to the
fat that the assumed model of disorder does not fully
reet all the omplexity in a real rystal. This theoret-
ial desription has been ahieved using only two tting
parameters: ǫ0 and φ0. All other parameters are known
from the literature.
In the sample ontaining x=0.073 Eu, only about 40%
of ions are singles and more than 24% are in lusters on-
taining more than three atoms. That is why the quan-
titative analysis is more diult. However, the experi-
mental results presented in Fig. 1 are in semiquantitative
aordane with the proposed model.
Applying Eq. (2) for B 6= 0 and for B = 0 we see that
the dierene of the left hand sides for these two ases
equals
∫ ∞
0
dT
CH 6=0(T )
T
−
∫ ∞
0
dT
CH=0(T )
T
= kB ln(gH=0) ,
(16)
where gH=0 denotes the degeneray of the ground state
of the system in zero magneti eld. (As in the previous
analysis the ground state of the spin system in the pres-
ene of magneti eld is nondegenerate, i.e. ln(gH 6=0) =
0.) Calulating the integrals using experimental data
with the assumptions disussed previously (temperature
dependene of the spei heat for T<0.5 K is linear)
we obtain this dierene equal to 0.17 J/mole K. For
a sample ontaining 0.073 of europium 40% of Eu ions
are singles. It means that one mole of Pb1−xEuxTe on-
tains 0.4 · x · NA of europium singles, where NA is the
Avogadro number. Other europium ions are in larger
lusters. Aording to our model the ground state of
eah Eu single is doubly degenerate. Thus the degener-
ay of the ground state of the spin system due to singles
is 20.4·x·NA and the right hand side of Eq. (16) equals
0.4 · x · R ln 2. For x = 0.073 we obtain 0.16 J/mole K.
Assuming that the ground state of Eu ions in larger lus-
ters is non-degenerate we obtain a very good agreement
with experimental data. However, we realize that the
integrals in Eq. (16) are estimated from a limited set of
data. Therefore this agreement onrms our model only
semiquantitatively.
The important problem we should onsider is whether
the proposed model is onsistent with the earlier magne-
tization and magneti suseptibility measurements. In
the earlier theoretial desription of the experimental
magnetization data, using a Brillouin-funtion analysis
for singles, we assumed that the Eu ions in zero mag-
neti eld are not split.
6,7,8
Fig. 7 shows the magneti-eld dependene of the aver-
age spin alulated with the proposed model, ontinuous
lines, for two dierent temperatures. The broken lines
show the behavior of Brillouin funtions alulated for
spin S=7/2. We see that although at the lowest tempera-
tures the dierenes are notieable, they are small. Thus
our analysis has shown that the magneti spei heat
measurements reveal properties of the system (density
of states) whih are not reeted in the magnetization
measurements.
IV. CONCLUSIONS
We have measured magneti spei heat of
Pb1−xEuxTe for x=0.027 and x=0.073. We have shown
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FIG. 7: Magneti eld dependene of average spin of a single
ion alulated aording to the model - ontinuous lines. The
disorder is haraterized by the angle φ0=3
◦
. For omparison,
the broken lines represent plot of the Brillouin funtion for
spin S=7/2.
that the experimental results may be explained assum-
ing that the single Eu ions are split in a disordered rys-
tal eld potential even without external magneti eld.
Analyzing the possible mehanisms of the splitting we
have onluded that the main ontribution to the split-
ting omes from the virtual 4f7 ↔ 4f65d1 transitions.
We have also shown that the model is suitable for de-
sription of the earlier measurements of magnetization.
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